Effects of treatment factors on the kinetics of sulfadiazine (SDZ) removal by Fe 0 /persulfate (Fe 0 /PS) were studied at an initial pH of 7.0. 
Introduction
Sulfonamide drugs have been synthesized and commercially used since 1930s. 1 This important category of antibiotics has been extensively used to treat and prevent various infectious diseases of humans and animals due to its broad antimicrobial spectrum.
2 According to the reports of Zhang et al., 1 7136 tons of 9 typical sulphonamides were consumed in China in 2013, about 94.3% of which were used as veterinary antibiotics for pigs, chicken, and other animals. The over-use of sulfonamides, especially in the industry of livestock feeding, 3 has increased the potential contamination of sulfonamides in water and soil environments. Most sulfonamides are excreted from the human body and animal organisms partially in unmetabolised form. 4 Many studies have revealed that the expired and unused sulfonamides exposed to humans have shown various adverse effects towards human health. 5 Although sulfonamides in ground and surface water are detected at low levels, 6 residual sulfonamides can be accumulated in various organisms of a food chain, increasing antibiotic resistance of pathogenic bacteria in aquatic environments. 7 Traditional wastewater treatment plants (WWTPs) using biological technologies as the main processes may be ineffective to sulphonamides for the aquatic sulphonamides exhibit high resistance to biological degradation as antibiotics. 8 Many researchers 2, 9, 10 have reported that the removal rates of various sulfonamides by traditional WWTPs are limited, thus adopting effective treatment alternatives is essential to eliminate the contamination of sulfonamides.
Of various chemical techniques, such as advance oxidation process (AOPs), 11 ozonation, 12 and permanganate, 13 AOPs have been frequently employed to remove many antibiotics in water and wastewater treatment processes since hydroxyl radical (cOH) produced by AOPs possesses stronger redox potential (E 0 ¼ 1.9-2.7 V), 14 higher performance, and superior mineralization rate than traditional chemical oxidants. 15 In recent years, new AOPs based on sulfate radical (cSO 4 À ) have been developed to destroy organic pollutants include antibiotics 16 and dyes 17 in surface water, 18, 19 hospital effluents, 20 and waste water. 21 Sulfate radical has been known as a strong oxidant for its higher redox potential (E 0 ¼ 2.5-3.1 V) 14 than hydroxyl radical. Moreover, Neta et al. 22 has reported that sulfate radical is a more effective oxidant than hydroxyl radical to eliminate many organic compounds by hydrogen abstraction and addition in a wide pH range. Thus, the AOP based on sulfate radical was an effective strategy to degradative aquatic sulfonamides. 4 and NaOH, and then experiments were initiated aer addition of Fe 0 and PS into the reactor. For the kinetic study, at xed time intervals, 2 mL sample was rapidly transferred into the sample beaker that was immediately quenched with 20 mL of sodium hyposulte, ltered with 0.22 mm membrane and collected into sample vials quickly.
Chemical analysis
A Mettler-Toledo high-performance FE20-FiveEasy pH meter with a saturated KCl solution as electrolyte produced (Switzerland) was employed to measure solution pH and daily calibration with standard buffers (pH 4.00, 6.86 and 9.18) was done to ensure its accuracy. Electron paramagnetic resonance (EPR) spectrometry (Bruker, Germany) with the magnetic eld of 3400-3500 G was employed.
A Merlin Compact scanning electron microscopy (SEM) (Carl Zeiss, Germany) coupled with an X-Max energy dispersive X-ray spectrum (Oxford Instrument, UK) was employed to characterize iron particles and analysis the elemental composition which were depicted in Fig. S1 (see ESI †). The concentrations of Fe(II) and total ions (aer reduction to Fe(II) with hydroxylamine hydrochloride) were determined at 510 nm aer complexing with 1,10-phenanthroline by an UV-2600 UV-Vis spectrophotometer (Shimadzu, Japan).
SDZ was determined by a Waters ACQUITY ultraperformance liquid chromatography (UPLC) system including a binary solvent manager and a sample manager with a TUV detector (Milford MA, United States). The water samples were extracted by an off line solid-phase extraction (SPE) with Oasis HLB (200 mg) cartridges which was used to enrich and to clean up the aqueous sample. Separation was accomplished with an Agilent SB-C18 column (2.1 Â 50 mm, 1.8 mm; Agilent, United States) at 30 AE 1.0 C with a mobile phase of two effluents (effluent A: 30% acetonitrile; effluent B: 70% H 2 O with 0.1% formic acid) at a ow rate of 0.1 mL min À1 . Concentrations of SDZ were determined by comparing the peak area at 265 nm with that of standards. The intermediate products of SDZ degradation were separated by the Agilent 1290 Innity but interfaced with a triple quadrupole mass detector (6400) (UHPLC-MS) (Santa Clara CA, United States). The separated sample analysis by mass spectra was conducted in positive and negative mode electrospray ionization ((+)ESI and (À)ESI) over a mass range of 50-500 m/z. Separation was accomplished with an Agilent Proshell-C18 column (2.1 Â 100 mm, 1.8 mm; Agilent, United States). The fragment used was 90 V conducted in auto full scan mode (MS). The fragment and collision energy used in product ion mode were 90 V and 15 eV, respectively.
Results and discussion
Effects of treatment factors on kinetics of SDZ removal in the 
where k obs is the pseudo-rst-order rate constant (min À1 (1), more PS could accelerate reactions between Fe(II) and PS by generating more ROS. Thus, the rate constant of SDZ removal linearly increase with increasing PS concentration from 0.25 mM to 2 mM (see Fig. S2 (a) †). In addition, the degradative rate constant of SDZ in rapid phase and the removal rate of SDZ was not increased with increasing PS from 2 to 5 mM for the limitation of Fe 0 loading.
Inuence of SDZ concentration on SDZ removal by Fe 0 /PS also are studied in Fig. 1(c) . At low SDZ concentration, the rate constant of SDZ removal was not changed. With increasing SDZ concentration above 10 mM, the rate constant and removal rate 
Identication of the ROS in the Fe 0 /PS process
Quenching experiments were carried out to identify ROS generated in the Fe 0 /PS process. Generally, cSO 4 À is considered as the main ROS in the reactions between PS and Fe(II). Meanwhile, cOH may also be generated by cSO 4 À described in eqn (7) and (8) Fig. 4(a) . In the presence of 500 mM METH, the degradation of SDZ was entirely inhibited, and the nal removal rate only reached 10.9%. Contrarily, the degradative rate of SDZ by quartet) were consistent with that of the DMPO-cOH adduct, while the special hyperne coupling constants (a(N) 1.38 mT, a(H) 1.02 mT, a(H) 0.14 mT, a(H) 0.08 mT, all AE0.05 mT) were in accordance with that of the DMPO-cSO 4 À adduct. 14 HDMPO was generated by the reaction of Fe(III) and DMPO which was always observed in Fenton reactions. 43 According to literatures, 23,42 the signal of DMPO-cSO 4 À adducts usually accompanied with the signal of DMPO-cOH but hardly to be detected alone in aquatic solution. Besides, the intensity of DMPO-cSO 4 À was much lower than that of DMPO-cOH. This behaviour was ascribed to the fast transformation from DMPO-cSO 4 À adducts to DMPO-cOH adducts via nucleophilic substitution. Table 1 . According to the value of condensed Fukui function (f i 0 ), atoms of S8, O8, O9, C13, C11, N17, C1, N6, and N7 were the most reactive sites for cSO 4 À radical attack.
where i, q, f, and N represent the atom in SDZ molecule, the charge of the atom (i), the value of condensed Fukui function, and the number of electrons of SDZ, respectively. Among three pathways of SDZ degradation via cSO 4 À , the products generated by pathway A was more abundant than pathway B and C. As shown in Fig. S27 , † four initial products of P1, P4, P5, and P6 in pathway A were detected in the rst 2 min. All four products increased with reaction time, and then decreased, which revealed that pathway A could continuously consume cSO 4 À . Besides, the area of P11 in pathway B increased with reaction time, which proved that pathway B, was also important to the removal of SDZ. However, P9 of pathway C was rstly detected at 5 min, which indicated the contribution of attacking on N6 by cSO 4 À was ignored in the rst 5 min.
Pathway D was a classical oxidative pathway of SDZ by cOH but was hardly to be formed in oxidative systems based on cSO 4 À . The generation of OH-SDZ (P19, m/z + 267) 2 by substituting H at C13 with hydroxyl indicated that cOH also joined the degradation of SDZ in the Fe 0 /PS process. In addition, the contribution of pathway D to SDZ removal was consistent with the experiments of identifying ROS, which was about 16.1%.
Conclusions
Batch experiments were carried out to investigate effects of some key factors on SDZ removal by Fe 0 /PS. Initial concentrations of Fe 0 and PS increased from 0.25 to 5 mM both increased the removal rate of SDZ. But increasing SDZ inhibited the SDZ removal rate for the limitation of ROS. Neutral or weak alkaline solutions exhibited higher removal rate of SDZ than weak acid pH, which indicated that the Fe 0 /PS process was a potential technology for engineering applications in organics removal. 
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